Aims: To study whether nondiabetic persons with impaired fasting serum glucose and hyperinsulinemia have QTc/QT interval prolongation and RR interval shortening in the electrocardiogram (ECG), and whether these were associated with an increased risk of sudden cardiac death. Methods: This study consisted of two analyses. First, a cross-sectional analysis was used as part of the population-based Rotterdam Study including 1050 men and 1520 women (R55 years) without diabetes mellitus. Participants in round 3 of the Rotterdam Study for whom an ECG and fasting serum glucose and fasting insulin measurements were available were eligible for the study. Participants using digoxin or QTc-prolonging drugs and participants with left ventricular hypertrophy and left and right bundle branch block were excluded. The endpoints of the study were the lengths of the QTc, QT, and RR intervals. The associations were examined by means of linear regression analysis. Secondly, in all 6020 participants of the Rotterdam Study with an ECG, the associations between the QTc, QT, and RR intervals and sudden cardiac death were examined by means of Cox regression analysis. Results: Overall, there was a significant association between impaired fasting serum glucose and the QTc interval with an increase of 2.6 ms (95% confidence interval (CI): 0.3; 5.0) in those with fasting glucose O6 mmol/l. Hyperinsulinemia was also associated with QTc prolongation (3.0 ms (0.8; 5.3)) in those with fasting insulin R100 pmol/l. Impaired fasting glucose (IFG) and hyperinsulinemia were significantly associated with a decrease of the RR interval (K33.7 ms (K48.8; K18.6) and K44.4 ms (K58.7; K30.0) respectively). Participants in the fourth quartile of the QTc and QT intervals had a significantly increased risk of sudden cardiac death compared to participants in the first quartile (hazard ratio (HR) 2.87 (95% CI: 2.02-4.06); HR 3.05 (1.99-4.67) respectively). Furthermore, there was a significant inverse association between the fourth quartile of the RR interval compared to the first quartile and the risk of sudden cardiac death (HR 0.49 (0.34-0.80)). Conclusion: In this population-based study, we demonstrated that IFG and hyperinsulinemia are associated with a significantly increased QTc interval and with significant shortening of the RR interval, the latter probably due to an increased sympathetic activity. In addition, we demonstrated that both a prolonged QTc interval and a shortened RR interval are associated with an increased risk of sudden cardiac death.
Introduction
Diabetes mellitus is a common disease in the elderly which adversely affects cardiac repolarization, probably by autonomic imbalance. It is associated with prolongation of the heart-rate-corrected QT (QTc) interval which is the traditional measurement for assessing the duration of ventricular repolarization (1, 2) . QTc prolongation may result in early afterdepolarizations, which in turn may induce re-entry and thereby provoke torsade de pointes and fatal ventricular arrhythmias (3) (4) (5) (6) (7) .
In diabetes, hyperglycemia is a risk factor for cardiovascular disease. Nondiabetic participants with impaired fasting glucose (IFG) or hyperinsulinemia may have an increased risk of cardiovascular disease as well. Glucose intolerance and high fasting serum glucose levels and insulin levels have been associated with prolongation of the QTc interval in nondiabetic persons (8, 9) . In a small study of 35 nondiabetic offspring of type 2 diabetic patients, it was demonstrated that during acute hyperinsulinemia, the QT interval remained unchanged, whereas the QTc interval increased (10) . Serum glucose and hyperinsulinemia have been demonstrated to be associated with the RR interval in nondiabetic patients (11, 12) .
To our knowledge, no large studies on the association between serum glucose and insulin, and the uncorrected QT interval in nondiabetic persons have been published. Since diabetes mellitus has been associated with QTc and RR interval variation, and hyperglycemia is an independent risk factor for cardiovascular disease, our aim was to study whether nondiabetic participants with an IFG measurement and hyperinsulinemia have an increased risk of QTc prolongation and RR shortening and thereby an increased risk of sudden cardiac death. Therefore, we studied whether IFG and hyperinsulinemia are associated with the QTc, QT, and RR intervals in nondiabetic participants of a large prospective population-based study in elderly. Subsequently, we examined the association between the QTc, QT, and RR intervals and sudden cardiac death.
Methods

Setting
The Rotterdam Study is a prospective population-based cohort study, which started with a baseline visit between 1990 and 1993. The Medical Ethics Committee of the Erasmus Medical Center, Rotterdam, the Netherlands, approved the study. All inhabitants of Ommoord, a suburb of Rotterdam, aged 55 years and over were invited to participate (nZ10 275). Of these, 7983 (78%) gave their written informed consent and took part in the baseline examination. Objectives and methods of the Rotterdam Study have been described in detail elsewhere (13, 14) . At baseline, all participants were visited at home for a standardized questionnaire, and 7151 were subsequently examined at the research center. Since the start of the study, follow-up visits took place in the period 1993 through 1996 for the second visit, in the period between 1997 and 1999 for the third visit, and in the period between 2002 and 2004 for the fourth visit. In addition to follow-up examinations, the cohort was continuously monitored for major morbidity and mortality through linkage with general practitioner and municipality records. Drug prescriptions dispensed to participants by automated pharmacies have been routinely stored in the database since January 1, 1991.
Study designs
We performed two analyses in the Rotterdam Study. First, we used a cross-sectional design to analyze the association between serum insulin and glucose, as assessed at the third visit to the research center, and QT, QTc, and RR intervals with data also from the third visit. Hereto, both the ECG and blood sampling were performed on the same day at the third visit to the research center. The reason was that during rounds 1 and 2 no data were available on both serum insulin and serum glucose. Secondly, for studying the association between QT, QTc, and RR intervals and sudden cardiac death, we used a prospective cohort design with the whole Rotterdam Study for whom an ECG was available. This analysis included the participants from the first analysis as described above. Since fasting glucose and fasting insulin measurements were only available at the third visit, we could not directly assess the effect between fasting glucose, fasting insulin, and sudden cardiac death due to the limited number of sudden cardiac death events occurring during follow-up since the third visit.
Cross-sectional analysis of QT, QTc, and RR intervals
All participants of the Rotterdam Study without diabetes mellitus who had an ECG and a fasting glucose and fasting insulin measurement at the third visit were enrolled in our first analysis. Diabetes mellitus (type I or II) was defined as the use of blood glucose-lowering medication and/or a nonfasting serum glucose level of 11.1 mmol/l or higher and/or fasting serum glucose levels R7 mmol/l at the third investigation or at any time prior to that moment (15) . Digitally stored ECGs were available for 3818 participants at the time of the third visit. Missing ECGs were mainly due to temporary technical problems with ECG recordings.
We excluded participants with diabetes mellitus (nZ357), participants without a fasting glucose measurement (nZ168) or a fasting insulin measurement (nZ270) or insulin outliers (nZ1 (insulinZ9292 pmol/l)), participants who were not fasting at blood sampling (nZ160), participants who used QTc-prolonging drugs as defined in list 1 of the website-based registry (www.azcert.org/ medical-pros/drug-lists/drug-lists.cfm) (nZ150), participants who used digoxin (nZ102), which is a QTc-shortening agent, and persons with a pacemaker (nZ13) as well as persons with evidence of left ventricular hypertrophy (nZ125) or left and right bundle branch block (nZ73, nZ131), since these conditions are associated with an altered QTc interval (16, 17) . Overall, 2570 participants were included in this cross-sectional analysis.
Cohort study of sudden cardiac death
All cohort members of the Rotterdam Study with an ECG were enrolled in the study population. The study ended on one of the censoring dates (death or transferring out) or at the end of the study period ( January 1, 2006). Overall, 6020 participants were included in the cohort analysis.
QTc, QT, and RR intervals
The endpoints of the study were the lengths of the QTc, QT, and RR intervals in ms. A 12-lead resting ECG was recorded with an ACTA electrocardiograph (ESAOTE, Florence, Italy) at a sampling frequency of 500 Hz and was stored digitally. All ECGs were processed by the Modular ECG Analysis System (MEANS) to obtain ECG measurements in agreement with the Food and Drug Administration (FDA) guidance for clinical evaluation of QT/QTc interval prolongation (www.emea.europa.eu/ pdfs/human/ich/000204en.pdf). The MEANS program has been evaluated and validated extensively (18) (19) (20) (21) . In one of these validation studies, ECGs with selected abnormalities were analyzed by 5 cardiologists and 11 different computer programs, of which MEANS performed as one of the best (21) . MEANS determines common onsets and offsets for all 12 leads together on one representative averaged beat with the use of template matching techniques (19) . The QT interval is determined from the start of the QRS complex until the end of the T wave. To adjust for heart rate, Bazett's formula (QTcZQT/ORR) was used (22) . Additionally, the MEANS program determines left ventricular hypertrophy and left and right bundle branch block.
Sudden cardiac death
According to the most recent definition, sudden cardiac death is defined as i) a witnessed natural death attributable to cardiac causes, heralded by abrupt loss of consciousness, within 1 h of onset of acute symptoms, or ii) an unwitnessed, unexpected death of someone seen in a stable medical condition !24 h previously with no evidence of a noncardiac cause (23, 24) .
The ascertainment of sudden cardiac death cases has been described previously (7) . In short, information on vital status is obtained from municipal health authorities in Rotterdam and GPs. Two research physicians independently coded all reported events, blinded to exposure, and judged the likelihood of sudden cardiac death according to the definition given above. In cases of disagreement, consensus was sought, and finally, a cardiologist reviewed all events. The index date was the date of death.
Fasting glucose and insulin status
At the third visit, fasting blood samples were drawn by venipuncture, and the serum glucose levels were measured using the glucose hexokinase method (Instruchemie) (25) . Serum insulin was determined by metric assay (Biosource Diagnostics, Camarillo, CA, USA). This assay has no cross-reactivity with either proinsulin or C-peptide.
Subjects were classified into two categories according to glucose status: subjects with normal fasting glucose (NFG) and subjects with IFG. IFG is a recently defined diagnostic category based on fasting plasma glucose concentration (26) . Analogous to the World Health Organization criteria of impaired glucose tolerance, it represents a metabolic stage intermediate between normal glucose homeostasis and diabetes mellitus and is associated with insulin resistance syndrome (15, 26) . NFG was defined as a fasting glucose level below 6.1 mmol/l. IFG was defined as a fasting serum glucose level between 6.1 and 6.9 mmol/l (26) .
Subjects were classified into two categories according to insulin status: subjects with normal insulin levels (!100 pmol/l) and subjects with hyperinsulinemia (R100 pmol/l).
Covariates
Clinical measures were obtained during the visits at the Rotterdam Study research center. Hypertension was identified through the use of antihypertensive medication and/or through the assessment of blood pressure measurements according to the guidelines of the World Health Organization (27) . Prevalence and incidence of myocardial infarction were assessed by hospital discharge diagnosis or in cases where a patient was not hospitalized, when signs and symptoms, analysis of the standard 12-lead ECG, and cardiac enzyme data were diagnostic of a myocardial infarction (28, 29) . Prevalence and incidence of heart failure were assessed by the presence of suggestive signs and symptoms as described previously (30, 31) . Hypercholesterolemia was defined as a total serum cholesterol level above 6.2 mmol/l or the use of cholesterol-lowering drugs, and hypertriglyceridemia was defined as a triglyceride level above 1.695 mmol/l (32) .
Statistical analysis
The associations between the determinants, IFG and hyperinsulinemia, and the outcomes, QTc, QT, and RR intervals, were assessed through linear regression analysis. The relative risk of sudden cardiac death associated with the QTc, QT, and RR intervals was estimated by calculation of the hazard ratios (HR) using Cox proportional hazards models. All analyses were adjusted for age and gender. In addition, all covariates that were associated with the outcome (P!0.10) were considered as potential confounders in both analyses. In the analyses assessing IFG and hyperinsulinemia, and the QTc, QT, and RR intervals, the following covariates were considered as potential confounders: body mass index (BMI), waist-to-hip ratio, hypercholesterolemia, hypertriglyceridemia, hypertension, myocardial infarction, heart failure, and use of b-blockers. In the analyses assessing the QTc, QT, and RR intervals and sudden cardiac death, the following covariates were considered as potential confounders: diabetes mellitus, hypercholesterolemia, hypertension, myocardial infarction, heart failure, BMI, use of QTc-prolonging drugs, use of b-blockers, and use of digoxin. The multivariate models were built to include all covariates that changed the association between exposure and the outcome by more than 5%.
First, a linear regression analysis was conducted with the QTc, QT, and RR intervals as outcomes and with IFG and hyperinsulinemia and with fasting glucose and fasting insulin divided in quartiles as determinants.
Secondly, in participants with a NFG measurement, linear regression analysis was conducted with hyperinsulinemia as a determinant. Third, we performed a linear regression with both IFG and hyperinsulinemia as determinants. We performed sensitivity analyses by additionally adjusting for determinants of the metabolic syndrome: hypertension, hypertriglyceridemia, hypercholesterolemia, waist-to-hip ratio, and BMI. Fourth, we excluded all participants with both IFG and hyperinsulinemia.
Finally, a Cox regression was conducted with sudden cardiac death as outcome and the QTc, QT, and RR intervals divided in quartiles as determinants. In a sensitivity analysis, we excluded all confounders. The proportional hazards assumption was assessed using log-minus-log plots. All analyses were performed using SPSS for Windows version 15.0 (Chicago, IL, USA).
Results
Subject characteristics
The characteristics of the participants at the third visit are presented in Table 1 . Overall, 2570 participants were included, of whom 1520 were females and 1050 were males. The mean age of the study population was 71.1 years (S.D. 6.8 years). Mean fasting glucose was 5.5 mmol/l (S.D.Z0.5), and mean fasting insulin was 72.7 pmol/l (S.D.Z41.9). Overall, 403 participants had IFG and 455 participants had hyperinsulinemia.
QTc, QT, and RR intervals
The mean duration of the QTc interval was significantly shorter in males (423.2 ms) than in females (432.5 ms). Moreover, the mean duration of the RR interval was significantly longer in males (933.4 ms) than in females (895.7 ms).
Overall, there was a significant association between IFG and the QTc interval with an increase of 2.6 ms (95% confidence interval (CI): 0.3; 5.0) after adjustment for age, gender, and hypertension (Table 2 ). Furthermore, hyperinsulinemia was also associated with QTc prolongation (3.0 ms (95% CI: 0.8; 5.3)). However, IFG and hyperinsulinemia were not associated with an increase of the QT interval adjusted for age, gender, RR interval, and hypertension (0.0 ms (95% CI: K2.0; 2.1) and K0.1 (95% CI: K2.0; 1.9) respectively).
IFG and hyperinsulinemia were associated with a significant decrease of the RR interval after adjustment for age, gender, and hypertension (K33.7 ms (95% CI: K48.8; K18.6) and K44.4 ms (95% CI: K58.7; K30.0) respectively). Overall, there were 143 participants with both IFG and hyperinsulinemia. This combination was associated with a significant increase of the QTc interval (5.0 ms (95% CI 1.3; 8.7)) and a decrease of the RR interval (K28.1 ms (95% CI K52.1; K4.1)). After excluding these participants with both IFG and hyperinsulinemia, the overall results did not change substantially. After adjusting for hypertension, hypertriglyceridemia, hypercholesterolemia, waistto-hip ratio, and BMI, the results did not change substantially.
There was a nonsignificant trend toward a longer QTc interval in the highest quartiles of fasting glucose and fasting insulin ( Table 2 ). In addition, there was a significant linear trend toward a shorter RR interval in the highest quartiles of fasting glucose and fasting insulin (P!0.0001).
NFG status
In participants with NFG, hyperinsulinemia was not associated with the QTc or QT interval (Table 3 ). However, in subjects with NFG, hyperinsulinemia was significantly associated with a decrease of the RR interval after adjustment for age, gender, and hypertension (K54.4 ms (95% CI: K71.1; K37.7)).
QTc, QT, and RR intervals and sudden cardiac death
The baseline characteristics of all participants are presented in Table 4 . The mean age of the study population at baseline was 69.4 years, 59.6% was female. During the follow-up period, 209 persons were classified as definite sudden cardiac death and 54 as probable sudden cardiac death ( Table 5 ). The proportional hazards assumption for a constant HR over time was met.
Participants in the fourth quartile of the QTc/QT interval had a significant increased risk of sudden cardiac death compared to participants in the first quartile (HR 2.87 (95% CI: 2.02-4.06); HR 3.05 (95% CI: 1.99-4.67) respectively). Furthermore, there was a significant inverse association between the fourth quartile of the RR interval compared to the first quartile and the risk of sudden cardiac death (HR 0.49 (95% CI: 0.34-0.80)). Table 3 Association of insulin with the QTc, QT and RR interval in non-diabetic partcipants with a normal fasting glucose measurement. In a sensitivity analysis, we excluded all confounders instead of adjusting for these potential confounders. An increased QTc/QT interval and a decreased RR interval were still significantly associated with an increased risk of sudden cardiac death. However, due to the lower numbers of sudden cardiac death cases after these exclusions, the estimates were somewhat lower. Participants in the fourth quartile of the QTc/QT interval had a significantly increased risk of sudden cardiac death compared to participants in the first quartile (HR 2.12 (95% CI: 1.36-3.32); HR 2.65 (95% CI: 1.54-4.56) respectively). Furthermore, there was a significant inverse association between the fourth quartile of the RR interval compared to the first quartile and the risk of sudden cardiac death (HR 0.63 (95% CI: 0.40-0.98)).
Number of participants
Discussion
In this population-based study, we demonstrated that nondiabetic participants with IFG and hyperinsulinemia had a significantly increased QTc interval and a significantly shorter RR interval than participants with NFG and insulin measurements. Fasting glucose and fasting insulin were not associated with the QT interval after adjustment for the RR interval. Furthermore, we demonstrated that an increased QTc/QT interval and a decreased RR interval are associated with a significantly increased risk of sudden cardiac death. Although a QTc interval prolongation of 2-3 ms in one individual usually remains without clinical consequences, an average shift of 2-3 ms in a Gaussian distribution on a population level will inevitably push more individuals into the upper percentiles of the QTc interval with its increased risk of ventricular arrhythmias and sudden cardiac death.
Our findings suggest that the association of glucose and insulin with the QTc interval is due to the underlying shortening of the RR interval, since QTc is calculated by Bazett's formula using the square root of the RR interval in the denominator. However, we confirmed that both an increased QTc interval and a shortened RR interval are associated with an increased risk of sudden cardiac death, as has been demonstrated before (7, (33) (34) (35) . Our findings cannot be explained by the metabolic syndrome, since additional adjustment for the determinants of the metabolic syndrome did not change the results substantially. We demonstrated that the association of hyperinsulinemia with the RR interval was even more pronounced in participants with NFG. This suggests that in subjects with nonsymptomatic insulin resistance syndrome, increased sympathetic nervous system activity and autonomic imbalance occur.
IFG and hyperinsulinemia have been associated with the QTc interval in nondiabetic persons (8, 9) . However, a relation with the QT interval has only been demonstrated in a small study of 35 nondiabetic offspring of type 2 diabetic patients (10) . That study showed that during acute hyperinsulinemia, the QT interval remained unchanged, whereas the QTc interval increased. IFG and hyperinsulinemia have been demonstrated to be associated with the RR interval in nondiabetic patients (11, 12) . Several mechanisms by which IFG and hyperinsulinemia may affect the QTc and RR intervals have been reported, among others are increased sympathetic activity, autonomic imbalance, impairment of the hERG channel, raised production of free radicals, disturbed myocardial membrane function, and a reduction of Na C /K C -ATPase activity (36) (37) (38) . Although the exact underlying mechanism may be unknown, increased sympathetic activity caused by hyperinsulinemia may decrease the RR interval (39) . Furthermore, the insulin resistance syndrome can be considered as a pre-stage of diabetes mellitus, which suggests the early presence of autonomic nervous dysfunction (40) . Our study has several strengths. An advantage of the Rotterdam Study is its population-based character. Although we limited our study population, selection bias is unlikely because the characteristics of the study population were comparable to the baseline characteristics of the whole population of the Rotterdam Study. Furthermore, information bias is unlikely because data were gathered prospectively and because of the use of digital ECG recordings. The digital ECGs were all automatically interpreted using the MEANS system which reduced intra-and interobserver variability in the assessment of the QTc, QT, and RR intervals. Confounding was minimized by adjusting for all known risk factors. However, our study also has some limitations. Since fasting glucose and fasting insulin measurements were only available at the third visit, we could not directly assess the effect between fasting glucose, fasting insulin, and sudden cardiac death due to the limited number of sudden cardiac death events occurring during follow-up since the third visit. Therefore, for studying the association between QT, QTc, and RR intervals and sudden cardiac death, we used a prospective cohort design with the whole Rotterdam Study for whom an ECG was available. This analysis included the participants from the first analysis. Because of the cross-sectional design we cannot exclude that RR interval shortening was already present in some patients before the increase of glucose and insulin. Therefore, the results from this study should be confirmed with longitudinal data from other large cohorts. Finally, our study population consisted of participants aged 55 years and older. Whether our findings can be generalized to other age groups requires further study. In addition, since thyroid hormones were available in only a minority of the study population, we could not assess the effect of thyroid dysfunction on our results. However, we do not expect that thyroid hormones would be a strong confounder, since we have shown previously that (sub) clinical hyperthyroidism was not associated with diabetes mellitus in the Rotterdam Study (41) .
In conclusion, we demonstrated in this populationbased study that IFG and hyperinsulinemia are significantly associated with an increased QTc interval but not with an increase of the QT interval. This is explained by a shortening of the RR interval, probably due to an increased sympathetic activity. We demonstrated that both an increased QTc/QT interval and a shortened RR interval are associated with an increased risk of sudden cardiac death.
Declaration of interest
